Tubulobulbar complexes are actin-related double-membrane projections that resemble podosomes in other systems and form at intercellular junctions in the seminiferous epithelium of the mammalian testis. They are proposed to internalize intact junctions during sperm release and during the translocation of spermatocytes through basal junction complexes between neighboring Sertoli cells. In this study we probe apical tubulobulbar complexes in fixed epithelial fragments and fixed frozen sections of rat and mouse testes for junction molecules reported to be present at apical sites of attachment (ectoplasmic specializations) between Sertoli cells and spermatids. The adhesion molecules nectin 2 (PVRL2), nectin 3 (PVRL3) and alpha 6 integrin (ITGA6) are present in the elongate parts of tubulobulbar complexes and concentrated at their distal ends. Tubulobulbar complexes contain cortactin (CTTN), a key component of podosomes, and vesicles at the distal ends of tubulobulbar complexes that contain junction molecules are related to early endosome antigen (EEA1). N-cadherin (CDH2), a protein reported to be present at ectoplasmic specializations, is not localized to these unique junctions or to tubulobulbar complexes but, rather, is primarily concentrated at desmosomes in basal regions of the epithelium. Our results are consistent with the conclusion that tubulobulbar complexes are podosomelike structures that are responsible for internalizing intact intercellular junctions during spermatogenesis.
INTRODUCTION
Tubulobulbar complexes are elongate tubular structures that form at intercellular junctions in the testis during junction disassembly and have been proposed to be the mechanism by which Sertoli cells internalize large areas of intercellular attachments during spermatogenesis [1] . Formation of the structures is temporally related to two epithelial remodeling events that are fundamental to spermatogenesis and crucial to male fertility-sperm release and translocation of spermatocytes through basal junctions between neighboring Sertoli cells.
Tubulobulbar complexes consist of blind-ended tubular projections that extend into Sertoli cells from junctions with adjacent cells. ''Bristle-coated'' pits occur at the tips of the structures, and distal parts of the complex expand to form ''bulbar'' regions. These bulbar regions eventually bud from the complex and are degraded by the Sertoli cell [2, 3] .
Tubulobulbar complexes resemble podosomes described in other systems [4, 5] . Podosomes form at sites of cell/substrate attachment and consist of elongate tubular plasma membrane cores surrounded by cuffs of actin filaments. Podosomes and tubulobulbar complexes have a number of molecular components in common, and both structures likely involve the dentritic assembly of actin during their formation.
Tubulobulbar complexes form at sites immediately preoccupied by ectoplasmic specializations [1, 2] . Ectoplasmic specializations are Sertoli cell structures formed at adherens junctions in the seminiferous epithelium and are characterized by a layer of actin filaments sandwiched between the plasma membrane and a cistern of endoplasmic reticulum [6] [7] [8] [9] . Ectoplasmic specializations occur at two major locations-at apical sites of adhesion to spermatids and at basal sites of attachment to neighboring Sertoli cells. At apical sites, ectoplasmic specializations only occur on the Sertoli cell side of the junctions. At basal sites, ectoplasmic specializations occur in the Sertoli cells on both sides of the adherens junctions. Here, tight, gap, and desmosomelike junctions overlap with, and are intercalated among, the adherens junctions to form large junction complexes [9] . Tight junctions within these basal junction complexes form the blood-testis barrier [10] .
Adhesion molecules known to be present in the Sertoli cell plasma membrane at ectoplasmic specializations are nectin 2 (PVRL2) [11] and a6b1 integrin (ITGA6, ITGB1) [12, 13] , among others [14] . Also reported to be present is N-cadherin (CDH2) [15] . The binding partner for nectin 2 is nectin 3 (PVRL3) in the spermatid plasma membrane at apical sites and another nectin 2 in the adjacent Sertoli cell plasma membrane at basal sites [11] . At apical and basal sites, the ligand for a6b1 is reported to be c3 laminin (LAMC3) [16] , and that for Ncadherin is presumably another N-cadherin molecule in the adjacent membrane.
Our working hypothesis for the function of tubulobulbar complexes is that these structures are novel subcellular machines responsible for internalizing large areas of intact intercellular junctions during sperm release and during translocation of the next generation of developing sperm cells through basal junction complexes. We have shown previously that nectin 2 and nectin 3 are present in the vicinity of tubulobulbar complexes [1] , and others have detected what FIG. 1. Phase and immunofluorescence micrographs of mouse spermatids and attached Sertoli cell regions triple-labeled for (a) actin, nectin 2, and DNA (DAPI); (b) cortactin nectin 2 and DNA (DAPI); and (c) EEA1, nectin 2, and DNA (DAPI). In a, the actin stain clearly labels the actin networks of tubulobulbar complexes, as well as the actin bundles in ectoplasmic specializations (ES) in Sertoli cell regions overlying the spermatid heads. The nectin 2 antibody labels tubulobulbar complexes and appears concentrated near their ends (arrowhead). The antibody also labels the plasma membrane of Sertoli cells at ectoplasmic specializations (ES). In b, the antibody to cortactin strongly labels tubulobulbar complexes, and nectin 2 is concentrated in structures (arrowhead) associated with their ends. In c, EEA1 (arrowhead) is associated with the vesicular structure that stains intensely for nectin 2. Bar ¼ 1 lm.
appear to be tight and gap junctions in tubulobulbar complexes based on ultrastructure [3, 17] . When tubulobulbar complexes do not form, there is a delay in sperm release [18] -an observation consistent with the junction internalization hypothesis.
In this study we explore our predictions that junction molecules are concentrated in and internalized by podosomelike tubulobulbar complexes. We immunologically probed testis sections and mechanically dissociated fragments of seminiferous epithelium for junction molecules reported to be present at ectoplasmic specializations (nectin 2, nectin 3, Ncadherin, and a6b1 integrin) and evaluated the staining at highresolution microscopy. We also probed tubulobulbar complexes and related structures with antibodies to cortactin, a ''key'' podosome component, and to early endosome antigen 1 (EEA1), a marker for early endosomes. We concentrated on tubulobulbar complexes formed at junctions between Sertoli cells and spermatids because tubulobulbar complexes are most easily studied at these locations. We used the rat system for Ncadherin and a6 integrin labeling and the mouse system for the nectin studies because the nectin antibodies are not reactive in rat.
As predicted, adhesion molecules known to be present in ectoplasmic specializations also are present in tubulobulbar complexes that contain cortactin, a key component of podosomes. We extend our previous findings [1] to show that nectins occur in the elongate tubular parts of the complexes and appear concentrated in vesicular elements at their ends. These vesicles also are related to EEA1, indicating that the vesicles are being internalized. Integrins are dramatically concentrated at the ends of tubulobulbar complexes. Surprisingly, Ncadherin is not localized to ectoplasmic specializations, nor is it present in tubulobulbar complexes. Rather, N-cadherin is detected only in basal regions of the epithelium and is localized primarily to desmosomes between adjacent Sertoli cells and between early spermatogenic cells and Sertoli cells.
MATERIALS AND METHODS

Animals
Animals used in this study were reproductively active male Sprague Dawley rats and CD1 mice. They were obtained from the University of British Columbia animal care colonies and were maintained according to the guidelines established by the Canadian Council on Animal care. All experiments were done at least in duplicate using tissue from different animals.
Reagents
Unless indicated otherwise, all reagents used in the studies were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada). The paraformaldehyde was obtained from Fisher Scientific (Vancouver, BC, Canada), and the Unicryl embedding media and formvar/carbon-coated nickel grids were from Electron Microscopy Sciences (Hatfield, PA).
Secondary antibodies and phallotoxins conjugated to Alexa fluorochromes were obtained from Invitrogen (Burlington, ON, Canada), and those conjugated to horseradish peroxidase were purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Secondary antibodies conjugated to 5-nm and 10-nm colloidal gold for electron microscopy were obtained from SigmaAldrich Canada. Normal immunoglobulins used in specificity controls were purchased either from Sigma-Aldrich Canada or Jackson ImmunoResearch Laboratories.
Primary Antibodies
Primary antibodies were obtained from the following companies and used at the indicated working concentrations for immunostaining: mouse anti-Ncadherin, 0.005 mg/ml for fluorescence and 0.08 mg/ml for electron microscopy (Zymed, San Francisco, CA); mouse anti-nectin 2, 0.009 mg/ml (HyCult Biotechnology, Uden, The Netherlands); mouse anti-nectin 3, 0.01 mg/ml (HyCult Biotechnology); rabbit a6 integrin, 0.004 mg/ml (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-cortactin, 0.005 mg/ml (SigmaAldrich Canada); rabbit anti-EEA1, 0.005 mg/ml (Abcam Inc., Cambridge, MA); and rabbit anti-beta actin, 0.07 mg/ml for electron microscopy (Novus Biologicals Inc., Littleton, CO).
Tissue Preparation for Immunofluorescence
Rat testes. All testicular material from rats was fixed by organ perfusion as described elsewhere [19] . Animals were anesthetized with halothane, and their testes removed. The spermatic arteries were canulated with 26-gauge needles and perfused first with warm PBS (150 mM NaCl, 5 mM KCl, 0.8 mM KH 2 PO 4 , and 3.2 mM Na 2 HPO 4 , pH 7.3) for 2 min, and then with warm fixative (3% paraformaldehyde, 150 mM NaCl, 5 mM KCl, 0.8 mM KH 2 PO 4 , and 3.2 mM Na 2 HPO 4 , pH 7.3) for 30 min. Fixation was followed by perfusion with PBS for 30 min.
Mouse testes. Testes were removed from mice deeply anesthetized with halothane and immersed in 3% paraformaldehyde in PBS. The organs were decapsulated, minced into small pieces with scalpels, and left to fix for 30 min. The pieces were washed with PBS (30 min) and then fragmented and attached to slides as described above for the preparation of epithelial fragments from rat testes.
Fixed Frozen Sections
Fixed testes were placed on aluminum stubs in a pool of Optimal Cutting Temperature compound (Sakura Finetek USA, Torrance, CA) and then frozen using liquid nitrogen. Frozen sections (5 lM) were cut, collected on poly-Llysine-coated slides and immediately plunged into cold (À208C) acetone. After 5 min, the slides were removed from the acetone, air dried, and then immunostained.
Fragmented Material
Fixed testes were decapsulated in PBS, and the seminiferous tubules were minced into small pieces using scalpels. The material was gently aspirated, first through an 18-gauge needle and then a 21-gauge needle to fragment the seminiferous epithelium. Larger material was allowed to sediment for 10 min, and then the supernatant, containing epithelial fragments, was collected and concentrated using low-speed centrifugation. The fragments were resuspended in a small amount of PBS, and drops of the material were placed on poly-Llysine-coated slides. Excess fluid was removed, and the slides were plunged into cold (À208C) acetone. After 5 min, the slides were removed from the acetone, air dried, and then immunostained.
Staining Protocol
Fixed sections and epithelial fragments were immunostained and evaluated as described elsewhere [19] . Slides with attached sections or epithelial fragments were rehydrated and blocked with 5% normal goat serum (NGS) in TPBS-BSA (PBS containing 0.5% Tween-20 and 0.1% BSA) for 20 min. Primary antibodies were diluted with TPBS-BSA containing 1% NGS, added to the tissue, and then the slides were incubated overnight at 48C. The slides were washed with TPBS-BSA, and the slides were incubated for 1 h at 378C with secondary antibodies conjugated to Alexa 488 or 568 and diluted 1:100 in TPBS-BSA. Slides were washed and coverslips mounted using Vectashield (Vector Labs, Burlington, ON, Canada) or Vectashield containing 4 0 ,6 0 -diamidino-2-phenylindole (DAPI). Staining was evaluated and photographed using an Zeiss Axiophot microscope fitted with appropriate filter sets for detecting fluorescence.
To double immunostain samples, the two primary antibodies were added together as a cocktail to the slides, as were the two secondary antibodies. To label filamentous actin, the slides were stained for 20 min at room temperature with Alexa 568 or 488 phalloidin made up in TPBS-BSA, and then extensively washed with TPBS-BSA.
Immunoelectron Microscopy
Rat testes were removed from animals deeply anesthetized with halothane and were perfusion fixed using a two-step fixation protocol and immunolabeling method described in detail elsewhere [19] . Samples were dehydrated through an increasing concentration series of cold (08C to À208C) ethyl alcohols and embedded in Unicryl. Thin sections were cut using an ultramicrotome and collected on nickel formvar/carbon-coated grids. Grids were incubated overnight at 48C in primary antibody, washed, and then incubated 1 h in secondary antibody conjugated to colloidal gold (10 nm; 5 nm) diluted 1:25 in TPBS-BSA containing 5% fetal bovine serum. Grids were fixed in 0.1% glutaraldehyde in PBS, washed with ddH 2 O, stained with 1% aqueous uranyl acetate, washed with ddH 2 O, and then air dried. To double immunostain samples, the two primary antibodies were added together as a cocktail to the grids, as were the two secondary antibodies. Staining was evaluated and photographed on a Philips 300 electron microscope operated at 60 kV. Staining was evaluated and photographed on a Philips 300 electron microscope operated at 60 kV.
Western Blotting
Western blots were done using both whole testis and isolated seminiferous epithelium lysates. Preparation of the lysates and staining protocols are described in detailed elsewhere [19] . Protease inhibitors were not included in these lysates. Lysates from INT407 cells (derived from HeLa cells; American Tissue Culture Collection, Manassas, VA) used as positive controls for the a6 integrin blots were prepared as described elsewhere [20] and contained protease inhibitors. Controls for staining consisted of replacing the primary antibody with normal immunoglobulin at the same concentration and from the same animal source as the primary antibody.
RESULTS
Nectin 2
Antibodies to the Sertoli cell adhesion molecule nectin 2 reacted both with apical ectoplasmic specializations and with tubulobulbar complexes. This was particularly evident in epithelial fragments double labeled for actin and nectin 2 (Fig. 1a) . Actin bundles clearly defined ectoplasmic specializations in Sertoli cell regions adjacent to the spermatid head, and these regions also were positive for nectin 2 (Fig. 2) . Staining of actin filaments associated with each tubulobulbar complex appeared as a ''cocoon'' or cuff around the tubular region of the complex. These tubular regions also reacted very strongly with antibodies to cortactin (Fig. 1b) . The tubulobulbar complexes were concentrated in the small concavity between the tip and body of the spermatid head. Although nectin 2 staining was detected in tubular regions of the complexes, it was most pronounced in vesicular clusters associated with the distal ends of the complexes (Figs. 1, a and  b, and 2a) . Vesicles labeled for nectin 2 also were surrounded by a cuff of EEA1 staining (Fig. 1c) . Similar staining patterns for nectin 2 (Fig. 2) were absent in fragments treated with normal rat IgG used at the same concentration as the primary antibody, fragments in which the primary antibody is replaced with buffer alone (secondary antibody control), and fragments in which both the primary and secondary antibodies were replaced with buffer alone (control for autofluorescence).
Nectin 3
Antibodies to the spermatogenic cell adhesion molecule nectin 3 reacted in a similar pattern to antibodies raised against the Sertoli cell adhesion molecule nectin 2 in epithelial fragments of mouse epithelium; that is, the probe labeled ectoplasmic specializations and tubulobulbar complexes (Figs.  3 and 4) . As with the nectin 2 antibody, nectin 3 was concentrated in vesicular clusters associated with the ends of actin-labeled (Fig. 3a) and cortactin-labeled (Fig. 3b) tubulobulbar complexes, although tubular regions of the complexes also were stained (Fig. 4) . Nectin 3 labeled vesicles at the ends of tubulobulbar complexes also labeled for EEA1 (Fig. 3c) . A similar pattern of nectin 3 staining was not present in controls (Fig. 4, e-g ).
a6 Integrin
Labeling with the antibody generated against a6 integrin was intense and specifically associated with the ends of tubulobulbar complexes and related vesicles (Figs. 5 and 6 ). Using our staining protocols, the antibody was not reactive above background with a6 integrin in ectoplasmic specializations. Controls for staining were negative (Fig. 6) . On Western blots of testis and seminiferous epithelium (Fig. 6e) , the antibody labeled four bands not present in IgG controls-one at the appropriate molecular weight for full-length a6 integrin (120 kDa) and three at lower molecular weights. The band with the lowest molecular weight (around 40 kDa) was the most reactive. 
that is at the molecular weight (kDa) expected for the heavy chain of a6 integrin is almost invisible in whole testis and is moderately stained in seminiferous epithelium and strongly stained in INT407 cells. Also notice the strong lower-molecular weight band (asterisk) in testis and particularly in seminiferous epithelium, but not in INT407 cells, that migrates just below 43 kDa. Bars ¼ 5 lm.
TUBULOBULBAR COMPLEXES INTERNALIZE JUNCTIONS
N-Cadherin Is Concentrated at Desmosome Junctions and Not at Ectoplasmic Specializations or Tubulobulbar Complexes
The antibody to N-cadherin labeled intercellular contacts in basal regions of the seminiferous epithelium at all stages of spermatogenesis, but was not reactive with apical ectoplasmic specializations associated with spermatids at any stages of spermatogenesis, nor was it reactive with tubulobulbar complexes associated with late spermatids (Fig. 7) . Staining controls were negative (Fig. 7) , and the antibody reacted with a single band at the appropriate molecular weight (135 kDa) for N-cadherin on Western blots of testis and seminiferous epithelium (Fig. 7) .
The absence of N-cadherin staining in apical regions was evident in frozen sections of fixed testis single labeled for Ncadherin (Fig. 7) , and was even more clearly evidenced in sections double labeled for N-cadherin and for filamentous actin (to indicate the locations of apical ectoplasmic specializations and tubulobulbar complexes; Fig. 8 ). No staining for N-cadherin was detectable at these sites. In basal regions of the epithelium, labeling with the N-cadherin antibody did overlap to some extent with the location of actin bundle staining. However, this overlap was not absolute and was stage specific; that is, there was more overlap at some stages (for example, stage V) than at others (for example, stages X and VII; Fig. 8) . Moreover, staining with the N-cadherin often appeared punctate and occurred in regions where there were no actin filament bundles.
To explore further the location of N-cadherin at junction sites, we probed thin sections of rat testis with the antibody at the ultrastructural level using immunogold techniques (Fig. 9) . As expected on the basis of the immunofluorescence results, the antibody was not reactive with apical ectoplasmic specializations (Fig. 9a) . At basal junction complexes between adjacent Sertoli cells, gold particles were clustered at focal locations and were not distributed uniformly along regions of the complexes containing ectoplasmic specializations (Fig. 9, b and c). In addition, gold particles occurred at sites of contact between early spermatogenic cells and Sertoli cells that clearly were not associated with ectoplasmic specializations based on location and on the absence of any actin filament bundles. The reactive sites in regions of contact between neighboring Sertoli cells and between Sertoli and spermatogenic cells were often clearly seen to be related to intermediate filaments (Fig. 9, c  and e-g ). To explore further the relationship at the ultrastructural level between N-cadherin staining and junctions, we double immunolabeled sections for N-cadherin and for beta actin. Consistent with our previous results, N-cadherin was concentrated at desmosomes and not at actin filament-rich apical and basal ectoplasmic specializations (Fig. 10) . Significantly, some actin staining above background also was detected at desmosomes and appeared closely related to the submembrane plaques (Fig. 10, d-f) .
We concluded that the N-cadherin was localized to desmosomes in the seminiferous epithelium and not concentrated at ectoplasmic specializations or at tubulobulbar complexes. 
DISCUSSION
In this study we demonstrate that integral membrane junction molecules present at apical adhesion junctions between Sertoli cells, and spermatids also are present in podosome-like tubulobulbar complexes and appear concentrated and are internalized at their ends.
Tubulobulbar complexes are elongate tubular extensions of the attached plasma membranes of two adjacent cells [2, 3] . Each complex is capped by a bristle-coated pit and is surrounded by a cylindrical cuff of actin filaments in which the filaments are arranged as a network. Distal regions swell and bud from the complex, and the buds are degraded by the Sertoli cell.
The tubular regions of tubulobulbar complexes bear a striking resemblance to podosomes in some other systems, such as osteoclasts [4] . Podosome formation is related to the presence of a protein complex formed of four key elements: N-WASP (WASL), Arp2/3 (ARP2/3), cortactin (CTTN), and dynamin (DNM) [21] . We previously have demonstrated that Arp2/3 and dynamin 3 are present at tubulobulbar complexes [19] , and here we demonstrate that cortactin is a significant component of tubulobulbar complexes as well. Our observations are consistent with the conclusion that tubulobulbar complexes are podosome-like in basic structure.
Although tubulobulbar complexes resemble podosomes, there are a number of significant differences between the two structures. Tubulobulbar complexes occur at cell-cell junctions [1, 3, 22] , whereas podosomes occur at cell-matrix adhesions [4, 21] . Also, the cores of tubulobulbar complexes consist of the attached plasma membranes of two adjacent cells, whereas the cores of podosomes in osteoclasts consist of the invaginated plasma membrane of a single cell. In addition, podosomes are characterized by the presence of dynamin 2 [4] , whereas tubulobulbar complexes contain dynamin 3 [19] , although dynamin 2 also has been reported as present [18] . Moreover, podosomes are not obviously associated with membrane internalization [4] , whereas tubulobulbar complexes are associated with the internalization of plasma membranes [3, 22] . Finally, bristle-coated pits occur at tubulobulbar complexes [3, 22] , but similar pits do not occur at podosomes [4] .
Numerous functions have been attributed to tubulobulbar complexes. One suggestion is that the structures are simply attachment devices that firmly link spermatids to the seminiferous epithelium during the dynamic process of spermatogenesis [2, 22] . Another is that the structures serve to eliminate cytoplasm and thereby reduce the volume of spermatids prior to sperm release [23, 24] . Still another is that tubulobulbar complexes facilitate shaping of spermatid heads during spermatogenesis [25] . A final function, and the one that we favor, is that the structures internalize intact intercellular junctions during junction disassembly [1] .
Pertinent to the junction disassembly hypothesis are five key observations. First, tubulobulbar complexes develop at intercellular junctions, indicating that that there is a functional relationship between tubulobulbar complexes and junctions [2] . Significantly, tubulobulbar complexes occur not only at apical junctions between Sertoli cells and spermatids, but also at basal junctions between adjacent Sertoli cells [3, 19] , indicating that the primary function of tubulobulbar complexes is not related just to spermatid maturation.
Second, junction elements are present in tubulobulbar complexes. Ultrastructurally, identifiable gap and tight junctions have been reported in basal tubulobulbar complexes [3, 17] , and we report here that adhesion molecules (nectin 2, nectin 3, and a6 integrin), known to be present at apical junctions between Sertoli cells and spermatids, also are present in apical tubulobulbar complexes and appear concentrated at their ends. The finding that nectin 3 is concentrated in clusters of vesicles at the ends of tubulobulbar complexes is particularly significant because this adhesion molecule is present in the spermatid plasma membrane at apical ectoplasmic specializations and yet appears associated with vesicles being internalized into Sertoli cells. This observation, together with the findings that nectin 2 in the Sertoli cell plasma membrane has a similar distribution and that these nectin 3-and nectin 2-labeled vesicles also stain with antibodies to EEA1 (a marker for early endosomes), supports our conclusion that intact junctions are being internalized at tubulobulbar complexes. Our finding that the a6 integrin subunit is localized to tubulobulbar complexes is consistent with the staining of the b1 integrin subunit at tubulobulbar complexes in images of seminiferous epithelium presented in the original report of b1 integrin in the testis [12] . In a subsequent study [26] we did not specifically report b1 integrin at tubulobulbar complexes, possibly because the antibody we used was different than that used in the original study and did not stain the structures, we used unfixed material so the morphology was poor and tubulobulbar complexes were not well preserved, and we observed material at low magnification because tubulobulbar complexes were not the focus of the study, so we did not notice the staining. Very significant is our finding that the antibody to the a6 integrin subunit (a polyclonal antibody raised against residues 868-954 of human a6 integrin near the C-terminus of the protein) is not highly reactive with rat ectoplasmic specializations in tissue processed using the fixation techniques used by us in this study, but intensely labels the ends of tubulobulbar complexes and associated clusters of vesicles. We suspect that the antigenic epitope on this integrin subunit may be masked in ectoplasmic specializations but becomes exposed as the integrin is moved into tubulobulbar complexes and parts of the extracellular domain are proteolytically cleaved. Supporting this interpretation of our data is the observation that on Western blots of testis and seminiferous epithelium, the antibody reacts strongly with a band that migrates at a lower molecular weight Immunoelectron microscopic images of rat testis double labeled for N-cadherin and actin. Ectoplasmic specializations (ES) both at basal sites of attachment to adjacent Sertoli cells (a) and apical sites of attachment to spermatids (b) label only with the probe for actin (5-nm gold particles) and do not label with the antibody to N-cadherin (10-nm gold particles). When the primary antibodies are replaced with normal mouse IgG (NMIgG) and normal rabbit IgG (NRIgG), no labeling above background occurs at ectoplasmic specializations. c) The antibody for N-cadherin (black arrowheads) clearly labels desmosomes at basal sites of attachment between Sertoli cells and germ cells (d-f ). Interestingly, the probe for actin (arrows) also occurs above background levels at desmosomes and labels material close to the plasma membrane. No specific labeling is present when the primary antibodies are replaced with normal mouse and normal rabbit IgG. Bar ¼ 100 nm.
than that of the full-length intact heavy chain of the a6 integrin subunit. This band is not present in control lysates from INT407 cells, and we suspect it may be similar to that described in certain invasive and metastatic cancer cells, where the b-barrel extracellular domain of a6 integrin is cleaved by plasminogen activator [27] [28] [29] . The plasminogen activation system has been the focus of intense study in the testis [30] , and it is tempting to speculate that our results may provide a direct molecular link between this system and a normal physiological event (junction turnover) through cleavage of the a6 integrin subunit. However, there is at least one caveat to our interpretation of the Western blot data. The testis and seminferous epithelial lysates were prepared in the absence of protease inhibitors, whereas the INT 407 cells were prepared in the presence of protease inhibitors. It is possible that the staining intensity of the lower-molecular weight band was exaggerated in our blots of testis and seminiferous epithelium and that the intensity of the full-length a6 integrin subunit band was weakened.
Third, clusters of double-membrane-bound vesicles are observed by electron microscopy at the ends of tubulobulbar complexes [1] -an observation consistent with the proposal that bulbar regions of the complexes bud from tubulobulbar complexes and ''intact'' junctions are internalized by Sertoli cells.
Fourth, vesicles associated with tubulobulbar complexes have been shown previously to label positively for lysosomal and endosomal markers [1] [2] [3] , indicating that tubulobulbar complexes are related in some way to internalization and degradation pathways.
Fifth, when tubulobulbar complexes do not form, there is reportedly a delay in sperm release. This result would be predicted if tubulobulbar complexes played a role in normal junction disassembly [18] .
Although during junction turnover in other systems, integral membrane junction molecules in adjacent plasma membranes disengage and are internalized into each of their parent cells by conventional endocytic mechanisms [31] [32] [33] [34] [35] [36] [37] [38] , the model we propose for junction internalization by tubulobulbar complexes in the seminiferous epithelium is not without precedent. Generally, in cells, gap junctions, consisting of connexons in the plasma membranes of the two attached cells, are internalized into one or the other of the attached cells as intact junctions in double-membrane vesicles [39, 40] , and the process is clathrin dependent [41] . A similar type of phenomenon occurs with tight junctions in certain situations [42] . In Sertoli cells, tubulobulbar complexes may be the mechanism by which massive intact intercellular junctions can be internalized at specific sites while still maintaining some form of connection between cells. This mechanism of internalization also would facilitate Sertoli cells removing from the surfaces of maturing spermatids junction molecules that would no longer be required by these cells following sperm release.
Our finding that N-cadherin is primarily concentrated in desmosomes between adjacent Sertoli cells and between Sertoli cells and early spermatogenic cells is generally consistent with some reports on the localization of cadherins in the seminiferous epithelium [26, 43] , but it is inconsistent with others in which N-cadherin is reported to be a major component of ectoplasmic specializations both at apical and basal junctions [15] . Part of the discrepancy may be due to different processing techniques and to the fact that at basal sites, desmosomes between adjacent Sertoli cells are intercalated into basal junction complexes, making it difficult to differentiate between ectoplasmic specializations and other junction types. Our study is the first to evaluate N-cadherin staining at the ultrastructural level. Based on our results, we propose that desmosomes in the seminiferous epithelium may be a hybrid form of junction related both to the actin cytoskeleton and to intermediate filaments, and containing conventional in addition to possibly desmosomal cadherins. Our observation that some actin is detectable above background at the desmosome is consistent with this possibility. The selection pressure for the evolution of this type of junction may be related to the lack of cytoplasmic intermediate filament expression in spermatogenic cells. A hybrid junction would allow cortical actin filaments to associate with the junction on the spermatogenic cell side of the junction, whereas on the Sertoli cell side the junction could be related both to intermediate and perhaps also actin filaments. The lack of Ncadherin staining in apical tubulobulbar complexes is consistent with the lack of staining in the related ectoplasmic specializations.
Results of this study support our general hypothesis that podosome-like tubulobulbar complexes function to internalize large expanses of intact intercellular junctions during sperm release and during the translocation of spermatocytes through basal junction complexes between neighboring Sertoli cells. These subcellular machines are likely significant participants in the mechanism of junction turnover in the seminiferous epithelium.
